This study measured in situ the thermal resistivity of soils at Olorunsogo Gas Turbine Power Station (335 MW Phase 1) which is located in Ogun State, Southwestern Nigeria. Ten pits, each of about 1.5 m below the ground surface, were established in and around the power plant in order to measure the thermal resistivity of soils in situ. A KD 2-Pro was used for the in situ measurement of thermal properties. Samples were also collected from the ten pits for laboratory determination of the physical parameters that influence thermal resistivity. The samples were subjected to grain size distribution analysis, compaction, specific gravity and porosity tests, moisture content determination, and XRD analysis. Also, thermal resistivity values were calculated by an algorithm using grain size distribution, dry density, and moisture content for comparison with the in situ values. The results show that thermal resistivity values range from 34.07 to 71.88
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• C-cm/W with an average of 56.43
• C-cm/W which falls below the permissible value of 90
• C-cm/W for geomaterials. Also, the physical parameters such as moisture content, porosity, degree of saturation, and dry density vary from 13.00 to 16.20%, 39.74 to 45.64%, 40.72 to 63.52%, and 1725.05 to 1930.00 Kg/m 3 , respectively. The temperature ranges from 28.92 to 35.39 • C with an average of 32.11
• C in the study area. The calculated thermal resistivity from an algorithm was found to vary from 48.43 to 81.22
• C-cm/W with an average of 65.56
• C-cm/W which is close to the thermal resistivity values measured in situ. Good correlation exists between the in situ thermal resistivity and calculated thermal resistivity with R = +0.85 suggesting that both methods are reliable.
Introduction
The migration of heat in porous media has attracted attention of the research fraternity, since almost a century. Studies conducted in the past reveal that heat migration in a medium primarily depends on its thermal resistivity (ability of the material to resist heat flow in it), its specific heat (ability of the material to store heat), and thermal diffusivity (which combines the transmission and storage properties of the material and is indicative of the rate of change of temperature within the material).
For safe and proper execution of various civil and electrical engineering projects, determination of thermal resistivity of soils is quite essential. However, thermal properties of soils would play an important role for extremely environmental sensitive projects such as disposal of high-level radioactive waste in deep underground disposal sites or repositories [1, 2] and various engineering projects such as design and laying of high-voltage buried power cables, oil and gas pipe lines, and ground modification techniques employing heating and freezing. In addition to characterizing the soil's physical/hydraulic properties, knowledge of the soil's thermal properties is necessary for proper soil and water management in irrigated agriculture [3] , determining the energy balance at the soil surface, soil water retention, and unsaturated hydraulic conductivity [4] .
In this direction, attempts have been made wherein rock has been powdered to determine its thermal conductivity [5, 6] or its chips have been used [7] . However, these studies would not yield accurate results, mainly, due to the lack of representative matrix of the rock mass [8] . Attempts have also been made by earlier researchers to determine thermal properties of soils using divided bar method [9] , the transient plane source, TPS method [10] , and different 2 ISRN Civil Engineering probe methods [11, 12] . However, these methods are time consuming, expensive, and quite complicated in terms of instrumentation and insulation of the surfaces of the rock sample from the ambience.
Recently, Decagon Devices Inc. has developed the KD2-Pro meter logger and two specific sensors: the SH-1 thermal sensor, to measure the thermal properties employing the dual needle heat pulse (DNHP) method, and KS-1 thermal sensor that is a single needle employing an infinite line heat source (ILHS) method. In order to obtain reliable data, field and laboratory procedures to determine thermal properties with the KD2-Pro need to be normalized, according to existing standards and manufacturer's indications, since soil scientists, engineers, and other users are demanding these kind of data for different applications. The present work describes the step towards the development of a field procedure to obtain reliable, accurate, and rapid thermal properties dataset in soils, taking into account the current accepted standard [13] .
Several researchers [14] [15] [16] [17] [18] [19] [20] [21] have shown that the thermal properties of soil depend on numerous parameters such as mineralogical composition, grain size of soil, and physical properties like moisture content (w, %), porosity, dry density (ρ d , g/cm 3 ), and saturation (S, %). Therefore, these factors have to be taken into account when performing measurements at laboratory and field scale.
Site Description.
The study area is a 335 MW phase I, Olorunsogo Gas Turbine Power Station in Ogun state, Southwestern Nigeria. It is located within longitude 03
• 18 45 to 03
• 19 50 and latitude 06
• 52 45 to 06
• 53 00 . The major road in the area runs from Papalanto in the Western part of the area to Ikereku in the eastern part. Another major road runs from Wasimi in the Northwestern part of the map to Isoku in the central North. There are so many minor paths in the area (Figure 1 ).
Drainage Pattern.
The general drainage pattern is dendritic. The major river in the area is River Ewekoro that runs from the South to the North with several tributaries. Another major river that runs from Afowowa is the Afowowa river which runs in the Northern part of the area. The river that flows to the study area is River Ewekoro (Figure 2 ).
Geology of the Study Area.
The study area falls within the alluvium, littoral and lagoonal deposits (Figure 3 ). 
Materials and Methods
The thermal resistivities of soils around Olorunsogo Power Plant were determined using KD2 Pro (Figure 16 ).
The KD2 Pro is a fully portable field and laboratory thermal properties analyzer. It uses the transient line heat source method to measure the thermal diffusivity, specific heat (heat capacity), thermal conductivity, and thermal resistivity. Sophisticated data analysis is based on over thirty years of research experience on heat and mass transfer in soils and other porous materials.
To determine the thermal resistivity, thermal sensor with one single needle (TR-1) ( Figure 17 ) was employed. This kind of sensor uses the heat pulse methodology and yields reliable soil thermal resistivity (R) and the inverse thermal conductivity (λ) estimations by a nonlinear least squares procedure during both processes.
Field
Procedure. The first step to develop a protocol to measure the thermal resistivity begins with the field sampling design.
In Situ Measurements.
The measurements include establishments of ten pits of about 1.5 m below the ground and verification and preparation of the thermal sensor (calibration) using standard glycerol in order to check whether it was functioning properly [23] [24] [25] . The thermal sensor to be used was then selected (TR-1 was used). The ground was then scooped to allow firm positioning of the thermal sensor with the ground. The needle was positioned with respect to the pit established. Thermal resistivity was then measured by using the thermal sensor TR-1.
To take measurements with the KD2 Pro appropriate sensor was attached and the KD2 Pro was turned on; sensor was properly inserted into the material to be measured (for the dual needle sensor, the needles must remain parallel to each other during insertion); when the KD2 Pro turns on, one should be in the Main Menu and press enter to begin the measurement. The instrument was allowed to rest for about 25 minutes before taking the next reading.
Collection of Samples.
Ten samples were collected at the established pits for laboratory analyses ( Figure 4 ). The samples were kept in polythene bags and stored in a cool dry place before the necessary tests were carried out on them.
Analytical Laboratory Procedures.
To characterize the soil of Olorunsogo Power Plant, the physical variables, particle size distribution, bulk density, dry density, specific gravity, degree of saturation, porosity, permeability, moisture content, and mineralogical composition were determined in the laboratory. Mechanical or sieve analysis was used for the coarse grained fraction (particle size >0.063 μm in diameter) while hydrometer analysis was used for the fine-grained fraction (particle size <0.063 μm in diameter).
Compaction tests were also carried out on the samples to determine the bulk density, optimum moisture content, and maximum dry density. Specific gravity, porosity, and permeability tests were carried out on the samples to determine specific gravity, porosity, and permeability, respectively.
The degree of saturation was calculated from the formular: Se = wG s , where S = degree of saturation, e = void ratio, w = moisture content, and G s = specific gravity. XRD analysis was performed on two samples to determine its mineralogical composition.
Results and Discussion
The results of the thermal resistivities of soils measured are shown in Table 1 . Table 1 , the thermal resistivity of soil in the study area ranges from 34.07 to 71.89
Thermal Resistivity. From
• C-cm/W with a mean of 56.43
• C-cm/W. Figure 5 shows that there is no much variation in the thermal resistivity values of the test points except at location 4 where the value is relatively low (34.07
• C-cm/W). The use of soil thermal resistivity of 90
• C-cm/W has become ingrained in cable engineering practices [26] . This means that the thermal resistivity values of soil in the study area fall below the safe value of 90
• C-cm/W proposed by various workers [26, 27] .
Variation of Thermal Resistivity with Physical
Properties of Soil. The summary of the results of physical properties determined in the laboratory is presented in Table 2 .
Moisture Content.
The moisture contents of soil in the study area range from 13.0 to 16.2% with an average of 14.2%. The variation of thermal resistivity with moisture content is shown in Figure 6 .
From Figure 6 , it can be seen that a negative correlation exists between thermal resistivity and moisture content which means that as the thermal resistivity increases, the moisture content decreases and vice versa. This is in agreement with [17-19, 24, 28-32] . This may be as a result of one of the following.
(i) More heat is conducted through the individual soil grains because there are more of them to conduct heat.
(ii) More heat is conducted through the water alone because both the volume and the continuity of water increase.
(iii) More heat is conducted between the soil grains through the interstitial water because there is less air and more water between the particles. 
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Not acce ssib le (iv) As moisture is added to a soil, a thin water film develops which bridges the gaps between the soil particles. This "bridging" increases the effective contact area between the soil particles, which increases the heat flow and results in lower thermal resistivity [16, 18] . (Table 2 ). It has long been recognised that an increase in the dry density of a soil results in a decrease in its thermal resistivity [17, 18, 30, 33, 34] . This effect is easily understandable considering the thermal resistivities of each of the constituents. With an increase in the dry density, air is replaced by the lower thermal resistivity minerals. Figure 7 shows that as the dry density increases, the thermal resistivity decreases (R = −0.25). Since the percentage of minerals, as compared to air, increases with increasing dry density, the greater the dry density of a soil, the lower the thermal resistivity [17-19, 30, 33-35] . This may be due to the improved contact between the soil grains that leads to better conduction of heat.
Degree of Saturation.
The degree of saturation in the study area varies from 40.72% to 63.52% with an average of 51.11% (Table 2 ). This means that soil in the study area is partially saturated soil [36] . A soil's thermal property is significantly influenced by its saturation [37] .
As shown in Figure 8 , it was observed that an increase in the degree of saturation resulted in a decrease in its thermal resistivity (R = −0.5). This may be due to the improvement in contact between soil particles which leads to better conduction of heat. This agrees with previous works reported by literatures [26, [37] [38] [39] . Table 2 have been used to establish the influence of porosity of the soil on its thermal resistivity as depicted in Figure 9 . Porosity of the soil samples varies from 39.74 % to 45.64 % with an average of 42.40 %. It can be noted that with increase in porosity, thermal resistivity increases (R = 0.9). Incidentally, variation of thermal resistivity with respect to porosity was noticed to be consistent with the trends reported in previous works [ 5, 23, 40, 41] . Also the relationship between porosity and thermal diffusivity agrees with [40] .
Porosity. The data presented in

3.2.5.
Temperature. The temperature of soils in the study area ranges from 28.72 to 35.0 8
• C with a mean of 32.11
• C. The variation of temperature in the area is shown in Figure 10 which shows that there is little variation in the temperature.
The influence of temperature on the thermal resistivity of soils in Olorunsogo (Figure 11) shows weakly positive correlation with r = 0.1.
As thermal expansions increase with temperature, but differently for all minerals, "thermal cracking" by differential expansion may create contact resistances between mineral grains thus contributing to the observed increase of resistivity with temperature. This is in agreement with previous works [30, [42] [43] [44] [45] .
However [16, 18] opined that temperature only has effect on the thermal resistivity of soils at the freezing point where the primary mode of heat transfer changes from convection to conduction and that in other temperature ranges, as in the study area, the variation of soil thermal resistivity with temperature is minimal.
However, [46] stated that for a soil in place, the temperature typically varies over a small enough range to have only a small effect on thermal properties (unless the soil freezes).
Mineralogical Composition.
The results of XRD analysis are shown in Figures 12 and 13 while the interpretation is shown in Table 3 . From Table 3 , the compositions of soils are quartz in abundance and minor portion of labradorite (feldspar). In TP 5 with 74.72% quartz, the thermal resistivity is 66.54
• C-cm/W while in TP 8 with 83.49% quartz has 51.18
• C-cm/W thermal resistivity. This suggests that the soil with higher percentage of quartz will have a lower thermal resistivity [19] . In fact, soils with high quartz content generally have a lower thermal resistivity than soils with high contents of plagioclase feldspar and pyroxene [15] . The thermal resistivities of many of the minerals found in sands are also given in Table 4 . Of these minerals, quartz has the lowest thermal resistivity of 11
• C-cm/W. Quartz is also one of the most prevalent minerals in sand.
Also if a soil is to be used as insulation (i.e., oil pipeline applications or a backfill around a subsurface structure), then the sand should be poorly graded, mica-rich, and dry density and water content at compaction should be minimized. If heat transfer is to be maximized, the sand should be quartz-rich and well graded, and dry density and water content at compaction should be maximized [19] . Therefore it could be said that the soil in the study area will transfer heat well since it is composed mainly of quartz and was compacted at maximum dry density and optimum moisture content.
From the composition of the soil in the study area, it may therefore be said that heat will be well transferred since it is composed mainly of quartz, and maximum dry density and optimum water content were used.
Grain Size.
The result of grain size analysis is given in Table 5 and Figure 14 . It could be observed from the table that those with higher percentage of gravel and sand generally have low thermal resistivity. This may be explained by the fact that as the grain size decreases, more particles are necessary for the same porosity, which means more thermal resistance between particles [47] .
The particle size and its distribution have an effect on the manner in which the moisture is held. With largesized grains, the pore space available will be higher (due to the presence of air resulting in higher resistivity or lower conductance). Hence, dry soils have high resistivity values.
Calculated Thermal Resistivity.
To demonstrate the utility and efficiency of the methods proposed by [35] termed MDDTHERM for predicting soil thermal resistivity, the measured results have been tested against the calculated results. The calculated thermal resistivity values are determined by the algorithm designed by [35] using the dry density, moisture content, and the particle size distribution.
The results are presented in Table 6 . This table also presents the absolute percentage difference of the measured results with respect to the obtained results. From the table, it can be noticed that the proposed equations by Naidu and Singh gave thermal resistivity values which are close to the one measured in situ by KD 2 Pro.
It can also be observed from the table that the absolute percentage difference ranged from 0.018% to 35.24% and is less than 15-30%; for most of the sampled points some are even less than 1%.
Also, linear regression equation and correlation coefficient, R, between them were developed.
As shown in Figure 15 , the value of R = 0.85 suggesting that there is fairly strong positive correlation between the measured thermal resistivity and the computed thermal resistivity.
Summary and Conclusion
Summary.
The thermal resistivity of soil has been determined at Olorunsogo Power Plant. The results showed the values to range from 34.07-71.88
• C-cm/W. Also some factors have been found to influence the thermal properties of soils. As the moisture content increases, the thermal resistivity was found to be decreasing. Since the percentage of minerals as compared to air increases with increasing dry density, the greater the dry density of a soil, the lower the thermal resistivity. The degree of saturation was also found to influence the thermal resistivity of soil. Thermal resistivity increased with decreasing degree of saturation. As porosity and temperature increases, thermal resistivity also increased. Large-sized grains were found to have higher thermal resistivity while the small sized grains have lower thermal resistivity. Moreover, heat conduction through the minerals is an important mechanism of heat transfer in soil. Soils containing a high percentage of quartz will have a lower thermal resistivity than those containing a high percentage of mica, all other things being equal. The soil in study area was found to have high percentage of quartz which resulted in lower thermal resistivity.
Furthermore, the method proposed by [35] was used to calculate the thermal resistivity using the determined physical properties such as grain size, moisture content, and dry density. The result showed that there is a positive correlation between the calculated thermal resistivity and the measured thermal resistivity.
Conclusion.
It has been observed that the thermal resistivity of soil in the study area and their variation with moisture content, dry density, degree of saturation, porosity, temperature, grain size, and mineralogical composition agree with the results reported in the literature. From the thermal resistivity determined and the physical properties, it can be concluded that the soils in Olorunsogo Power Plant are good enough for laying of gas pipeline or buried cable in the area. where R is the soil thermal resistivity ( • C-cm/W), w is the moisture content (%), and γ dry is the dry density of the soil (g/cc). Parameters a, b, and c depend on the type of the soil and its moisture content, and their values are presented in Tables 7, 8 , and 9 respectively.
(b) Silts, Sands, and Gravel. Equation (A.3) can also be used to predict resistivity of silts and sands. In order to facilitate the computation of thermal resistivity of a multiphase system, generalized relationships were developed, assuming that soil consists of six-phase system (clays, silts, silty sand, fine sand, coarse sand, and gravel). For a naturally occurring soil, the resistivity of different phases is calculated by using (A.1)-(A.3). These resistivity values are multiplied by certain weights, which can be computed on the basis of their phase fraction. The weights assigned to different single-phase soils can be obtained as follows. 
Weights
